Abstract. SU8 is a commercial epoxy-Novolac resin, a negative-tone photoresist with outstanding mechanical properties. Its nanocomposites have also been considered as research materials. In order to obtain insights into the SU8 nanocomposites with graphene, the present work was conducted to simulate the mechanical properties using multi-scale simulation method including atomistic, meso, and macro scales. The study started by molecular dynamics, then moved to coarse grain, and nally reached macroscale. The methodology applied throughout the work was Peridynamics. Top-down and bottom-up loops were required to con rm the total results. Tensile deformation was applied to a 2D plane at the upmost scale to create an internal pressure. It was transferred to the lower scale in the next step as the external pressure. The procedure continued down until the molecular scale was reached. However, bottom-up strategy required a bridging model to link molecular scale to the upper scales. The check points were the deformation values, which had to be in the same order independent of top-down or bottom-up movement. With 2.1 wt.% graphene in SU8, the increases in Young's, bulk, and shear moduli were calculated (62, 200, and 82%, respectively) compared to the neat SU8.
Introduction
Polymeric nanocomposites are polymers consisting in nanoscale materials such as nanotubes, nano-spheres, or nanoplatelet, e.g., of clay or graphene [1] [2] [3] [4] . However, due to the complex structure of the nanocomposites, identi cation of their structure and properties as well as design and optimization of their properties is still a major challenge for researchers. Growing need for new materials reveals the importance of new nanollers and therefore, investigation into the e ect of such nano-llers on the structural, process, and physical properties comes to the rst priority [5] [6] [7] [8] . The physical properties, e.g., thermodynamic and mechanical, are strongly in uenced by the structure and di erent phenomena in terms of dimensional and temporal aspects. In fact, spatial structure and shape of the polymer chain (con guration and conformation), mobility and dynamics of the chain, and many other phenomena have particular e ects on the nal properties of the compound [9] [10] [11] .
On the other hand, incorporation of nanoscale llers in the polymer increases the complexity of the system as well as the related properties. Considering the lack of experimental tools to provide detailed pictures of such structural aspects and dynamics of the chain and nano-llers, using computational methods seems to be an answer to such de ciency. Traditionally, these methods work either on macroscale to predict the properties of materials or molecular scale to provide information about the scales down to the molecular dimensions. However, as described above, molecularscale characteristics a ect the macroscale properties of the materials, especially when the llers are nanoscalematerials. Here is exactly where the multi-scale computational methods have to be developed in which properties from down scales up to higher macroscale concepts and methods are covered step by step in order to transfer the properties from each scale to the upper one [5, 9, 12] .
At the molecular and atomic scales, computational methods have been developed, including molecular dynamics, molecular mechanics, and Monte Carlo methods of simulation [5, 10, 12] . At the higher scales, namely micro and meso scales, methods such as coarse grained molecular dynamics, Brownian dynamics, Lattice Boltzmann, and Langevin are commonly used for simulation [13] [14] [15] [16] [17] [18] . Micro mechanical models such as Mori-Tanaka, Halipin-Tsai, and nite element and nite di erence computational methods are also used in macro-scale simulations [18, 19] . For the purpose of a multi-scale simulation, an algorithm to move topbottom or bottom-up is needed to describe how the information should be transferred between di erent scales.
In the present work, a nanocomposite system containing an epoxy resin and graphene as the nanoller has been chosen. The resin is indeed a speci c commercial epoxy-Novolac resin, namely SU8, with a wide range of applications as photoresist material in lithography process. SU8 is a high-temperature, chemically stable material with low toxicity and good transparency to visible light and is moderately lowcost [20] [21] [22] [23] [24] [25] [26] [27] [28] . Graphene was considered as the nanoscle single-sheet ller for the SU8 and investigated for its e ect on the nal properties of the SU8/graphene nanocomposites.
In the literature, several studies have been carried out on the simulation of polymers, nano-llers, and polymer nanocomposites, including molecular dynamic simulation of epoxy resin [29, 30] , simulation of graphene structure [31] , investigation into the effect of graphene on polymeric nanocomposites [32] [33] [34] [35] [36] [37] [38] , and indeed, multi-scale simulation of polymers and polymeric nanocomposites [32, [39] [40] [41] [42] [43] . Few works on the prediction of the properties of SU8 with the use of molecular dynamics simulation have also been published in the literature [44, 45] .
However, there is not any report on the multi-scale simulation of SU8 and its nanocomposites and this is the subject of the present work, which is carried out based on the method developed by Rahman et al. [41] . During the simulation, many parameters of the system and the methodology should be optimized for use in our system, as will be shown in the subsequent sections.
2. Multi-scale simulation of SU8 and SU8-graphene nanocomposite
Based on the method proposed by Rahman et al. [41] , the studied systems were simulated in three macro, meso, and molecular scales. Then, di erent scales of the system under study were linked through topbottom and bottom-up approaches so that the accuracy of results was investigated through data transferring between the subsequent scales. The macro scale itself consisted of several scales from P0 (larger) to P3 (smaller) as depicted in Scheme 1. All the calculations and governing equations at these scales were drawn from the Peridynamics theory. At the lower scales, there was a shift toward lower scales, i.e., Coarse-Grained (CG) and molecular dynamics (A), as shown in Scheme 1. Therefore, there was a stepwise scale reduction as P0 > P1 > P2 > P3 > CG > A with the need for data transferring between the adjacent scales so that the properties from each scale could be read in the next scale as the input to the calculations carried out in the latter scale. Data Scheme 1. Dividing material into di erent length scales for multi-scale simulations with P0 to P3 in macro scale, CG (coarse grained), and A (molecular scale).
transferring could also be done by either top-bottom or bottom-up methodology.
Top-bottom method
In top-bottom method at P0 level, a two-dimensional plane with dimensions of P0 = 10000 A 5000 A, which is xed in the lower part, is considered. According to the peridynamic theory, the P0 plane is set to accommodate 7875 number of particles, namely peridynamic particles interacting within a cuto distance of 400 A. To the free end of the plane, a velocity eld of 0.1 A/fs is applied in Y -axis direction for 100 steps. The new position of the particles is then determined by applying the NVE ensemble. Based on the plane deformation, the developed internal pressure in the system can be calculated using virial relationship by Eq. (1):
(
where m is the number of peridynamic particles, A is the area of the two-dimensional plane, r i is the location vector of each particle, and f i is the applied force to each particle caused by the interactions in the system. The calculated internal pressure in P0 is now applied as the external pressure to the lower peridynamic scale, P1 = 500 A 500 A 500 A, as shown in Scheme 2. Then, P1 is brought to the equilibrated state in terms of energy by NVE ensemble, which is followed by another NPT ensemble with the applied external pressure. All these steps result in deformation of P1, leading to a newly developed internal pressure, which can be calculated using the virial relationship according to Eq. (2):
where V is the volume of the simulation cell and other parameters are as in Eq. (1).
Scheme 2. Top-bottom method for di erent scales.
The calculated pressure in P1 is now applied as the external pressure to the next lower scale, P2 = 300 A 300 A 300 A, and its internal pressure variation is calculated. This methods is followed to move from upper scale to the lower one, i.e., the internal pressure created by the deformation under external pressure is applied as the external pressure to the lower scales down to molecular scale A, as shown in All simulations in micro scales were performed by PDLAMMPS software [46, 47] and LAMMPS was used for the meso-molecular scales [48] .
Bottom-up method
In the bottom-up approach, the simulation box at the higher scale is investigated by the induced changes from the lower scale, e.g., the molecular scale. Obviously, in this case, for multi-scale data transferring from lower to the higher scales, de ning an intermediate system is essential. In order to do this, each of the simulation cells in A, CG, and P3 levels is divided into 27 simulation sub-cells, as shown in Scheme 3. Then, the physical center of each sub-cell is calculated and a virtual particle (ghost atom) with the mass equivalent to the sub-cell is placed in the center. The physical center of each sub-cell is obtained according to Eq. (3): where x jk represents the virtual particle coordinates in the cell j and N j is the number of atoms in the cell j.
In the next step, the virtual particles associated with each of the scales, without changing their coordinates, are assembled into an intermediate model, as shown in Scheme 3. The interactions between the virtual particles of model A and the CG model are calculated using the Lennard-Jones model. The average velocity of the virtual particles of peridynamic model in the previous step is also calculated and applied as the boundary conditions to the virtual particles of the CG model. For the sake of brevity, the readers are referred to [35] for the equations used in several calculations.
The virtual particles of the Coarse Grained system (CG) are exposed to NVE and NPT ensembles so that they reach an equilibrium state and the dimensions of the simulation box are changed. In this case, the force is introduced from the virtual particles of CG into peridynamic particles P3, which also changes the position of the peridynamic particles under the NVE and NPT ensembles. The overall deformation gradient based on the cell dimensional variations is applied to the core of the upper scale P2. Finally, the system undergoes equilibrium state by NVE and NPT runs, during which the simulation box reaches new dimensions.
Similarly, in this case, the gradient of deformation is calculated and applied to a simulated system at the higher scale. Thus, the deformation generated at P2 is transferred to P1 and then, from P1 to P0. Whenever the deformations created in the bottom-up movement at any given scale are in the range of what was obtained in the top-bottom approach, the validity of the multiscale simulation is con rmed, which indeed proves the success of the methodology employed for the multiscale simulation.
Simulation of SU8
Before proceeding to multi-scale simulation of SU8/ graphene nanocomposites, the SU8 itself has to be simulated by a multi-scale simulation procedure. This is necessary because SU8 is a multifunctional molecule which undergoes crosslinking by UV irradiation with the appropriate crosslinking agent and photoinitiator. This will be described in the following sections.
Simulation of SU8 in molecular scale
First, a representative molecular structure has to be determined to resemble the crosslinked SU8. According to the results of Tam and Lau [44, 45] , Zhang et al. [49] , and Mohammadzadeh Honarvar et al. [50] , a number of molecular structures for the crosslinked SU8 have been proven to exist, which are the building blocks for our purpose. Therefore, di erent structures were proposed, which are shown in Figure 1 . All the proposed In all cases, carbon, hydrogen, and oxygen atoms are marked with gray, white, and red colors, respectively. structures were subject to the energy minimization process to reach the lowest level of energy and to obtain the optimized molecular structure. At the nal stage, the S3 structure (Figure 1) with the lowest energy level amongst all the structures was selected to represent the SU8 structure. Therefore, the structure is denoted by SU8 through the text. A three-dimensional simulation cell was built up consisting of 40 SU8 molecules (8428 atoms) with alternating (periodic) boundary conditions in all directions (Figure 2 ). The interactions in the system were calculated using the pc force eld with a cuto distance of 8 A.
Initially, in order to optimize the SU8, the simulation cell was subjected to 100000 steps of energy minimization followed by MD runs under isobaric isothermal ensemble (NPT) at 298 K. Without applying any external pressure, the system reached its equilibrated state of energy, temperature, and density. The nal density of the system was calculated to be 0.91 g/cm 3 , which was in the range of the reported values for density [44, [50] [51] [52] . Finally, in order to ensure the stability of the system, NVT ensemble was utilized, which is evident in the temperature and energy pro les shown in Figures 3 and 4 . Velocity-Verlet integrator was used to integrate the di erential equations of motion throughout the simulation steps.
Simulation of SU8 at meso scale
At the meso scale, the coarse-grained method was used to simulate the chemical structure so that SU8 Therefore, in the simulation cell, the beads were composed instead of molecular parts as shown in Figure 5 . The gure shows a cell containing 56 SU8 molecules with periodic boundary conditions. At this stage, the interactions between the beads were of Lenard Jones type. The cell was brought to the optimized and equilibrated state by energy minimization through sequential NPT and NVE ensembles, as the The meso scale simulation was indeed the bridging step, which transferred the data from molecular scale to the macro scale.
SU8 simulation in macro scale
At macro scale, SU8 was simulated in 4 di erent dimensions (namely P0, P1, P2, and P3) according to the peridynamic theory with the operational details described in Section 2. Since the LPS (linear peridynamic solid) model had been selected, numerical values of bulk modulus, shear modulus, and crosslinked SU8 density were selected from references, which were equal to 3.14 GPa, 1.2 GPa, and 1.2 g/cm 3 , respectively [21, 52] .
At P0 level, a total number of 7875 peridynamic particles with 400 A cuto distance; at P1 level, 4913 particles with a cuto distance of 90 A; at P2 level, a total number of 3375 particles with a cuto distance of 54 A; and nally, at P3 level, 5832 peridynamic particles with a cuto distance of 40 A were selected. All the 4 levels of simulation with the peridynamic particles of each level constructed a three-dimensional cube as shown in Figure 8 . At each level, the structure was subjected to energy minimization in order to optimize and stabilize the system.
Results of multi-scale simulation of SU8
According to the methodology described in Section 2, in the top-bottom approach, a velocity eld has to be applied in Y direction to the free edge of the P0 plane. This led to 0.01% deformation of the plane with internal pressure development, which was calculated to be 20.6 atm, in this study. This was indeed the external pressure applied to P1 in the next step, leading to a deformation of 0.772% and an internal pressure of 15.4 atm. For the next levels, namely P2, P3, CG, and A, the deformation values and internal pressures were 0.015% and 13.3 atm, 0.053% and 79.4 atm, 0.28% and 32 atm, and 1.3% and 30.9 atm, respectively.
In the bottom-up approach, the displacement gradient was obtained and applied to the P2 core before NPT and NVE stabilizing runs. The system was at equilibrium state. The dimensions of the simulation cell were deformed to ca 0.0105% in P2. Subsequently, the displacement gradient from P2 was applied to the core of P1, leading to a deformation of ca 0.077%. This was applied, in the next step, to the core of P0, leading to a displacement gradient of ca 0.0107%. Comparison of the values of deformation gradients in the corresponding levels of both top-bottom and bottom-up approaches con rms the validity of the simulation algorithm and the parameter selection.
Simulation of SU8-graphene nanocomposite
In this section, in order to simulate SU8-graphene nanocomposite, the graphene structure is rst simulated, before multi-scale simulation of SU8-graphene nanocomposite. As discussed earlier, the macro scale simulation of SU8, shear modulus, and density are the necessary parameters that have to be determined. For this purpose, the results of the simulation of SU8/graphene nanocomposites by molecular dynamics methods were used. However, the accuracy of the used data was evaluated at the end of the multiscale simulation of the nanocomposite (the data from completed simulation).
Simulation of SU8-graphene nanocomposite at molecular scale
The molecular structure of a single-layer graphene used in molecular dynamics simulation is shown in Figure 9 . Its dimensions are 26.18 13.337 A. Using this graphene and SU8, a simulation cell containing 2.1 wt.% graphene was constructed having periodic boundary conditions as shown in Figure 10 . The interactions in the system were calculated using the pc force eld at 8 A cuto distance. Similar to Section 3.1, the nanocomposite underwent energy minimization under NPT conditions. The nal density of the nanocomposite was calculated at 1.1 g/cm 3 . The e ect of graphene on the mechanical properties of SU8 was calculated using the method developed by Theodorou and Suter [53] .
The following steps were taken to calculate the mechanical properties: 1. Optimizing and stabilizing the desired structure by energy minimization; 2. Applying strain (less than 1%) to the system; 3. Minimizing the energy of the deformed structure; 4. Repeating steps 1 to 3 for the next optimized con guration by the MD runs; 5. Calculating the mechanical properties by average all over the simulation cells for the structure under consideration. The elastic constants were calculated using the second derivative of the internal energy (U) with respect to the applied deformation according to Eq. (4):
The Lame constants were calculated using Eqs. (5) and (6) 
And the mechanical properties were obtained using Eqs. (7), (8), and (9):
where E is the Young's modulus, B is the bulk modulus, G is the shear modulus, and are the Lam e constants. The mechanical properties calculated for SU8 and SU8/graphene nanocomposites are summarized in Table 1 and compared graphically in Figure 11 .
From the data in Table 1 and Figure 11 , it is concluded that incorporation of graphene in SU8 results in 63% increase in the Young's modulus, 100% increase in the bulk modulus, and 80% increase in the shear modulus. These are the data used in multiscale simulation of SU8-graphene nanocomposite using the peridynamic theory, as discussed in the following sections.
Simulation of SU8-graphene nanocomposite in meso scale
Coarse grained model of SU8-graphene was constructed under the procedure explained in Section 3.2, as shown in Figure 12 . In the simulation cell, there were 56 molecules of SU8 being packed in a 50 A 50 A 50 Figure 11 . Mechanical properties E, B, and G predicted for SU8 and its nanocomposite with graphene. A cubic cell with periodic boundary condition in all directions. The governing interactions were of LenardJones potential eld type. The cell underwent energy minimization to remove any overlapping and excess energy of the system until an optimized and stable state was reached. This was performed by 100000 steps of MD optimization under NPT conditions with no external pressure in order to equilibrate and adjust density.
Simulation of SU8/graphene nanocomposite in macro scale
As described in Section 3.3, the SU8/graphene nanocomposite was simulated using the peridynamic theory in 4 di erent scales (P0, P1, P2, and P3). Considering the LPS model, the required numerical values for bulk modulus, shear modulus, and density were obtained from molecular dynamics simulation (Section 4.1). The used values were 6.31, 2.18 GPa, and 1.21 g/cm 3 , respectively.
Results of multi-scale simulation of SU8/graphene nanocomposite
In the top-bottom scaling method for the SU8/ graphene nanocomposite, the deformation developed in P0, P1, and P2 was 0.01%, 0.106%, and 0.018%, respectively. These values, in performing the bottomup scaling method, were 0.0165% for P2, 0.113% for P1, and 0.0085% for P0. Therefore, due to the similarity of the values of deformation in both scaling methods of top-bottom and bottom-up, the simulation methodology is con rmed.
Conclusion
In this study, a multi-scale simulation of SU8 and its nanocomposite comprising 2.1 wt.% graphene was performed through linking simulations in di erent scales of atomistic, meso, and macro. MD, coarse grain MD, and PD coupled with MD (PDLAMMPS) were used to simulate the system in atomistic, meso, and macro scales, respectively. LJ interaction was used to de ne intermolecular interactions for atomistic and coarse grain systems. Interactions in macro scale simulation were de ned based on peridynamic formulations. For this purpose, rst, suitable molecular structures for SU8 and graphene were designed in molecular scales. By the selection of LPS model in the peridynamic method, the numerical values of the bulk modulus, shear modulus, and density for SU8 were determined based on the experimental results reported in the literature. However, in the case of SU8/graphene nanocomposite, a method was developed to estimate the physical-mechanical properties based on the method of Theodorou et al. in atomistic scale [51] . The multi-scale simulation was carried out in both top-bottom and bottom-up types and this helped to validate the techniques as the extents of deformation were found to be almost equal independent of scaling down or up. In order to extend the method to any desired material, determining the parameters of the material and the corresponding chemical structures in the new system are required. However, the basic theory of the methodology remains the same.
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